quences and about 20 organellar sequences are curAs large portions of related genomes are being se-rently available, and the genomes of several bacteria quenced, methods for comparing complete or nearly and yeast are expected to be completed within 2-3 complete genomes, as opposed to comparing individ-years (Bork et al., 1994). Accordingly, methods for seual genes, are becoming progressively more im-quence comparison on a genomic scale are becoming portant. A major, widespread phenomenon in genome progressively more important. Comparing long, disevolution is the rearrangement of genes and gene tantly related genomes directly is extremely computablocks. There is, however, no consistent method for tionally intensive and is not highly informative, as the genome sequence comparison combined with the re-conservation is manifest primarily at the level of proconstruction of the evolutionary history of highly re-tein sequences rather than that of nucleotide sequences arranged genomes. We developed a schema for genome as such. In addition, standard sequence comparison sequence comparison that includes three successive algorithms do not reveal gene rearrangements. Herbon, 1987, 1988; Atlan Algorithms to analyze rearrangements of multiple ge-and Couvet, 1993), fungi (Bruns and Palmer, 1989), nomes were developed and applied to the derivation of and animals (Hoffmann et al., 1992; most parsimonious scenarios of herpesvirus evolution 1992); chloroplast genomes (Milligan et al., 1989 ; Knox under different evolutionary models. The developed Hoot and Palmer, 1994) ; genomes of lambapproaches to genome comparison will be applicable doid bacteriophages (Casjens et al., 1992) and small to the comparative analysis of bacterial and eukary-
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parsimonious) series of rearrangements explaining the existing diversity of genome organization (Koonin and Complete sequences of small genomes and large por- Dolja, 1993; . These analyses, however, tions of the sequences of more complex genomes are were based on heuristic approaches, and, as recently rapidly accumulating. Hundreds of viral genome se-shown (Bafna and Pevzner, 1995a) , in many complicated cases they have overlooked the most parsimoni-1 To whom correspondence should be addressed at present address: ous scenario(s). sons. The input for the GCT program is the GenBank feature table, lutionary events that is required to transform one gene i.e., an ordered set of (putative) protein sequences encoded in a given order into another. For genomes consisting of more genome. Under this program, the function GCPLOT produces a genothan 10 conserved gene blocks, exhaustive searches mic dot plot that displays the pairs of proteins with BLAST scores over all potential solutions is extremely computation-exceeding a certain cutoff, and another function, called GCTAB, automatically generates a table of conserved genes among the different ally intensive, and until recently, there were no algogenomes and depicts their order in each genome. The source code in rithms for systematic analysis of genome re-C and the executable version of the GCT program for Unix platforms arrangements. The first steps toward a computational are available by anonymous ftp at ftp.cse.psu.edu in the directory / theory of genome rearrangements have been made re-pub/hannenha/koonin. cently (Sankoff et al., 1992; Multiple amino acid sequence alignments were constructed using the MACAW program (Schuler et al., 1991) . Tentative phylogenetic and Sankoff, , 1994 Bafna and Pevzner, 1993, trees were generated from juxtaposed ungapped alignment sections 1995a,b; Kececioglu and Ravi, 1995; Hannenhalli and using the program NEIGHBOR (neighbor-joining algorithm) imple- Pevzner, 1995) . However, methods to analyze re-mented in the PHYLIP package Version 3.5 (Felsenstein, 1989) . arrangements that account for gene order diversity in more than two genomes remain largely unexplored (see Sankoff et al., 1995, for an initial study in this area).
RESULTS AND DISCUSSION
We are interested in developing a schema that would Alphabet of Conserved Genes and Gene Blocks lead from genome sequences to ordered sets of homologous genes and from these gene orders to genome reSequence comparison of the complete sets of proteins encoded in the genomes under study is the first step arrangement scenarios. This requires a combination of methods for sequence comparison with genome re-in our schema. This is required for any study of genome rearrangements to define the ''alphabet'' of conserved arrangement algorithms.
We chose the seven complete and three partially se-genes and to identify conserved gene blocks. So far, such comparisons generally have been performed in a quenced genomes of herpesviruses as our test casethe largest set of relatively long genomic sequences time-consuming, case-by-case fashion, and despite the recognized importance of this task (Cedergren et al., available to date (Table 1) . Nucleotide sequences of herpesviruses are so divergent that direct comparisons are 1990; O'Brien, 1991), we are unaware of programs for the automatic generation of gene orders from multiple generally inadequate for evolutionary studies, and alternative approaches have been proposed (Schachtel et DNA sequences. We developed such programs and applied them to herpesvirus genomes. Again, it has to be al., 1991; Karlin et al., 1994) . On the other hand, a set of genes that encode proteins with significant amino indicated that herpesviruses are considered only as a test case; sequence similarities between herpesvirus acid sequence similarities and that form partially conserved clusters has been revealed (Davison and Taylor, proteins have been studied in great detail (Davison and Taylor, 1987; Chee et al., 1990; 1986; McGeoch, 1989 McGeoch, , 1992 Chee et al., 1990; Bublot et al., 1992; McGeoch et al., 1993; Bublot et al., 1992) , and it is unlikely that a significant number of additional conserved genes will be revealed. McGeoch and Cook, 1994) . It has to be noted that these studies have been performed in a labor-consuming, For each pair of herpesvirus genomes, the protein product of each putative gene from one genome was case-by-case fashion.
We are unaware of an automated approach to ge-compared with the protein products of all putative genes in the other genome using the BLASTP program. nome sequence comparison, and this work is an attempt to fill this gap. A method to define the alphabet BLAST scores above the chosen threshold of 75, which roughly corresponds to the probability of matching by of conserved genes and gene blocks and to derive the most parsimonious evolutionary scenarios is proposed, chance of 10 04 (given the total length of the herpesvirus proteins), were used as an indicator that genes from and the application of this method to the analysis of herpesvirus evolution is described. It has to be stressed two genomes are homologous. Figure 1 , generated using the procedure GCPLOT of the GCT program, shows that the main goal of this work is the development of methods for genome sequence comparison, rather than the genomic similarity plots for (a) two closely related and (b) two distantly related herpesvirus genomes. The the study of specific aspects of herpesvirus biology.
plot in Fig. 1a shows a high level of conservation of the gene order, whereas that in Fig. 1b reveals the
MATERIALS AND METHODS
differences in the genome organization resulting from inversions and transpositions.
Nucleotide sequences of herpesvirus DNA and the amino acid se-BLAST comparisons are not transitive; i.e., if A is quences of the encoded proteins were extracted from the GenBank related to B and B is related to C at a certain level of database (Table 1) .
significance, this does not necessarily imply that A is Separate databases, each containing the proteins encoded by a single herpesvirus, were generated, and each protein from one gerelated to C at the same level. Therefore, a group of nome was compared to each protein from the other genomes using genes was considered to be a family of homologs if the the BLASTP program (Altschul et al., 1990 (Altschul et al., , 1994 . The program GCT encoded proteins formed a connected component in the (Genome Comparison Tool) was developed to perform all the pairwise graph of significant pairwise similarities, not necessarcomparisons between the amino acid sequences from the different viruses automatically and to visualize the results of these compariily requiring that all pairs have a score above the cutoff. As a result of such multiple comparisons, we identified readily accounted for by an alternative concatemer scission (albeit the frequency of this hypothetical event is families of genes that are conserved among the herpesviruses (procedure GCTAB). In several cases, we used not known). Figure 2b shows the comparison of the alpha-, beta-, and gammaherpesvirus genome organithe notion of positional relatedness as an aid to infer relationships between poorly zations, with the latter modified according to the alternative scission scheme so as to maximize the similarity conserved genes. Positionally related genes are those that are located between neighboring homologous with the other two classes.
The conserved gene alphabet may be further reduced genes. If the BLAST score for the protein products of such genes is higher than their scores with any other to an alphabet of conserved blocks. A conserved block is defined as a maximal substring of letters occurring virus protein, this is an indication that they are likely to be homologs. Such weakly conserved but apparently in the same relative ordering, i.e., either as {X i rrrX i/n01 } or as {0X i/n01 rrr0X i } for a block of n homologous genes were manually incorporated in the preliminary version of the conserved gene table pro-genes, in all the genomes. We will assign ''/'' to {X i rrrX i/n01 } and ''0'' to {0X i/n01 rrr0X i }. For examduced by GCTAB. In addition, for the proteins encoded by positionally related genes, multiple alignments were ple, the substring of letters O, P, and Q in Figs. 2a and 2b occurs as either {/O / P / Q} or {0Q 0 P 0 O} generated, and conserved motifs were sought. The list of the conserved herpesvirus genes is shown in Table 2 . (inversion of }/O / P / Q}) in all the completely sequenced genomes and, hence, qualifies as a conserved Together, 27 conserved genes were found; two of these, however, are lacking in cytomegalovirus. The results block. There are seven conserved blocks in the herpesvirus genomes, and three distinct arrangements of of our comparisons were compatible with those of previous analyses McGeoch et al., these blocks correspond to the alpha-, beta-, and gammaherpesviruses (Fig. 2c) . For further discussion, we 1993). A unique letter was assigned to each conserved gene across all the genomes, resulting in a conserved consider HSV, CMV, and EBV as prototypes of each of these genome organizations, respectively. Eight of the gene alphabet (Table 2) . Figure 2a shows the order of the conserved genes in conserved genes were found in CCV, but none of the conserved herpesvirus gene blocks could be detected in herpesvirus genomes, with a sign associated with each gene indicating the direction of transcription. The ge-this virus, in accord with previous results indicating only a very distant relationship (Davison, 1992) . nomes of alphaherpesviruses are comprised of L (large) and S (small) segments that undergo systematic inver-
The representation of herpesvirus genomes in the conserved block alphabet is a gross oversimplification, as it sion during the virus replication (reviewed in McGeoch, 1989) . Therefore, in Fig. 2b , we show all the virus ge-completely leaves out the genes that are not conserved among alpha-, beta-, and gammaherpesviruses. There are nomes in the same orientation, which does not necessarily correspond to the isomer represented in GenBank.
a number of such genes; some of them are obviously homologous to known host genes and should have been acquired Herpesvirus DNA replication typically includes circular intermediates, and linear virion molecules appar-from the host genome relatively recently on the evolutionary scale (reviewed in McGeoch, 1989 McGeoch, , 1992  McGeoch et ently are produced by cleavage of head-to-tail concatemers (Poffenberger and Roizman, 1985; Ham-al., 1993) . This apparent recombination between the viral and the host genomes is a very important aspect of herpesmerschmidt et Fraefel et al., 1993) . Therefore, some of the dramatic differences in the conserved gene virus evolution. Nevertheless, it can be ignored for the purpose of reconstructing the history of genome reorder of alpha-and betaherpesviruses on the one hand, and gammaherpesviruses on the other hand, may be arrangements. 
FIG. 1-Continued
We define rearrangement distance d(p, s) between geGenome Rearrangements nomes p (p 1 p 2 rrrp n ) and s (s 1 s 2 rrrs n ), containing a The herpesvirus family is the largest set of completely set of n homologous genes, as the minimum number of sequenced, relatively long genomes available to date. To rearrangements that is required to transform the gene our knowledge, a most parsimonious scenario of genome order of p into the gene order of s. In the very first rearrangements in herpesviruses has not been discussed computational studies of genome rearrangements, Wattso far. Below, we derive such scenarios for two models: (i) erson et al. (1982) and Nadeau and Taylor (1984) introrearrangement by inversions only and (ii) rearrangement duced the notion of a ''breakpoint'' (disruption of gene by inversions and transpositions.
order) and noticed some correlations between the reThe first model assumes that inversions of gene arrangement distance and the number of breakpoints [in blocks containing an arbitrary number of genes constifact, Sturtevant and Dobzhansky (1936) implicitly considtute the only genome rearrangement mechanism. Deered these correlations almost 50 years earlier]. However, spite obvious shortcomings, this model has proved to the estimate of the inversion distance in terms of be useful for the analysis of rearrangements in mitobreakpoints is very rough and does not provide an accuchondrial and chloroplast DNAs. Algorithms for anarate bound. Recently, another ''hidden'' parameter that lyzing genome evolution by inversions have been develallows one to determine inversion distances with much oped by Sankoff (1993, 1995) . Below, greater accuracy has been revealed (Bafna and Pevzner, we give a formal definition of sorting by inversions and 1993). As this parameter has been overlooked in previous describe the ideas leading to an efficient algorithm for studies of genome rearrangements, we define it below. the analysis of genome rearrangements by inversions (Hannenhalli and Pevzner, 1995).
First, define a transformation from a signed n-ele- Note. Each of the partially sequenced herpesvirus genomes is represented by several sequences under different accession numbers that are not indicated. The complete sequence of HHV6 has become available after the submission of the present paper (Gompels et al., 1995) . ment permutation p(p 1 rrrp n ) (i.e., a permutation since they are neighbors in CMV, whereas the vertices 3b and 5b are joined by an edge since they are neighwith a ''/'' or ''0'' sign associated with each gene block as defined above) into a unsigned 2n-element bors in EBV (Fig. 3b) . G(p, s) is a collection of edgedisjoint cycles, i.e., cycles without common edges. Let permutation. For each element i in permutation p, substitute i a followed by i b for i if i has an associated c(p, s) be the number of cycles in this collection, or cycle decomposition of G(p, s). In our example, c(CMV, plus sign and i b followed by i a if i has an associated minus sign. As a result, element i is transformed into EBV) Å 3. Cycle decompositions play an important role in estimating the inversion distances, since it has been two elements, i a and i b , corresponding to the beginning and the end of the gene block i, respectively. proved (Bafna and Pevzner, 1993) 
The estimate of the inversion distance in In addition, the resulting 2n-element permutation is extended by 0 in the beginning and by n / 1 in the terms of cycle decomposition is much tighter than the estimate based on the number of breakpoints (Kececiend; the elements 0 and n / 1 correspond to the beginning and the end of the genome. As a result of this oglu and Sankoff, 1994) . In fact, for all biological examples that we studied, d(p, s) Å n / 1 0 c(p, s), thus transformation, the 7-element permutation CMV(/1 02 03 /7 04 /5 /6) is transformed into the 16-reducing the inversion distance problem to the cycle decomposition problem (Bafna and Pevzner, 1995a) . element permutation CMV(0 1 a 1 b 2 b 2 a 3 b 3 a 7 a 7 b 4 b 4 a 5 a 5 b 6 a 6 b 8) (Fig. 3) proposed that allows a precise calculation of d(p, s) by introducing an additional hidden parameter, number Define a graph G(p, s) with 2n / 2 vertices 0, 1 a , 1 b , of hurdles, which closes the gap between d(p, s) and n 2 a , 2 b . . . , n a , n b , n / 1, where n is the number of / 1 0 c(p, s) (Hannenhalli and Pevzner, 1995) . This conserved genes. We join vertices i and j, corresponding algorithm also generates all the most parsimonious sceto two different genes, by an edge if i and j are neighnarios of genome rearrangements by inversions. bors either in p or in s. For example, vertices 2a and 3b are joined by an edge in the graph G(CMV, EBV) Figure 3 shows the arrangement of conserved gene (Fig. 3c ) or under a model allowing both
Å 5 inversions and transpositions (Fig. 3d) . For the case of inversions only, the rearrangement (inversion) Adding up the above inequalities yields distances are
/ d(CMV, EBV))/2] As we consider the three major herpesvirus classes and Å [(3 / 5 / 5)/2] Å 7. no a priori root in their phylogeny, only one intermediate species, which may be considered a hypothetical common ancestor, has to be defined (Figs. 4a and 5a) . Thus, the most parsimonious tree for HSV, EBV, The most parsimonious evolutionary scenario is de-and CMV should include at least seven inversions. fined as the shortest series of rearrangements along Only three possible values of (d(X, HSV), d(X, EBV), the three branches of the graph. Let X be the gene d(X, CMV)), namely (1, 2, 4), (2, 1, 4), and (2, 2, 3), order of a unknown hypothetical ancestor and let d(X, attain the equality
, and d(X, CMV) be the rearrangement CMV) Å 7, while at the same time satisfying all of distances from X to HSV, EBV, and CMV, respectively. the above inequalities. Let a d-neighborhood of a The overall number of rearrangements in a scenario is gene order p be the set of all gene orders that can given by be derived from p by d rearrangements. Then, for each of the scenarios, the gene order of the ancestor
species X corresponding to (d1, d2, d3) was determined as the intersection of d1-, d2-, and d3-neighborhoods of the gene orders of HSV, EBV, and CMV, The triangle inequality implies respectively (Fig. 4b) . This simple analysis allows search and verified using the bounds described by Bafna and Pevzner (1995b) . After adding up, we have one to find a gene order of the putative ancestor species X, which can be transformed into the three extant gene organizations with D Å 7, for the first that satisfy all of the above inequalities are (1, 2, 3), Similarly, for the case of inversions combined with (2, 1, 3), and (2, 2, 2). For each of these possibilities, transpositions the unique gene order of the putative ancestor genome was generated in a manner similar to the previous case. Figure 5 shows all the three most parsimonious scenar-
ios, with six rearrangements each; note that for two of
these, the gene order of the putative ancestor is identical to that under the inversion only model (compare
Figs. 4b, 4c, and 5b, and 5c). Interestingly, there always was only one ancestral gene order meeting all of the above inequalities. the above inequalities were obtained by exhaustive Although the above analysis of multiple genome re-served among alphaherpesviruses showed that VZV arrangement was successful for the simple case of her-and EHV are more closely related to one another than pesviruses, its application for more complex re-each of them is to HSV (data not shown). Note that arrangement scenarios will require new algorithms. In information about gene order in each additional geparticular, the neighborhood intersection approach nome imposes restrictions on the number of consistent may become prohibitively computationally intensive if evolutionary scenarios. For example, there are 149 the rearrangement distances are of the order of 15-20 most parsimonious scenarios with five inversions for inversions (see also Sankoff et al., 1995, for an alterna-CMV and EBV. However, only 28 of these are consistive approach to the derivation of the ancestral gene tent with one of the most parsimonious scenarios, with order in the case of three genomes).
seven inversions each, for the three genomes CMV, EBV, and HSV.
Phylogenetic Trees Derived from Gene Comparison
Qualitatively, the conclusions from the genome reand Rearrangement Trees arrangement study are compatible with those suggested by the phylogenetic analysis of individual proBased on the most parsimonious evolutionary scetein sequences. Figure 7 shows tentative phylogenetic narios constructed, one can derive an unrooted tree trees constructed for three highly conserved herpesvidepicting the evolution of herpesviruses in terms of rus proteins using the neighbor-joining method (Saitou genome rearrangements, with the three main branches and Nei, 1987). The homologous sequences from CCV corresponding to the alpha, beta, and gamma divisions were used as the outgroup to root the trees. Conspicu- (Fig. 6) . However, the order of divergence of these ously, these trees display all the three possible topologroups remains uncertain. The distance (number of regies of the alpha, beta, and gamma branches, in accord arrangements) separating the hypothetical common with the notion that the three main divisions of the ancestor from each of these groups depends on the choherpesviruses could have diverged from the common sen evolutionary scenario (compare Figs. 4 and 5) , and ancestor at roughly the same time (McGeoch, 1992) . the genome organization of the ancestor herpesvirus Thus the rearrangement trees and the trees based on could not be reconstructed unambiguously. Elucidation sequence comparison involve more or less the same of the complete genome structure of additional herpeslevel of uncertainty in the way they describe the evoluviruses will help to solve this problem by eliminating tion of herpesviruses. An advantage of the resome of the evolutionary scenarios. A detailed analysis of the arrangement of about 40 genes that are con-arrangement analysis is that it suggests possible evolu-included seven complete and three partial sequences of herpesvirus genomes, in spite of the remarkable variability of the size, base composition, gene repertoire, and nucleotide sequences, the evolutionary radiation could be represented as a simple series of rearrangements of the seven conserved gene blocks. This is certainly not the complete picture of evolution, as that should include acquisition of all the unique genes and their subsequent rearrangements. Moreover, it is possible that the ancestor virus might have had genes that were essential for its replication but that have been subsequently deleted and complemented by the respective cellular functions in some of the viruses. Also, it has to be kept in mind that we were seeking the most parsimonious scenarios and that by the very nature of the maximum parsimony principle, the reconstruction of the ''true'' history cannot be guaranteed (Swofford and Olsen, 1990) . These limitations notwithstanding, the rearrangement scenarios, even though they do not immediately offer new biological insights, seem to provide a useful framework to describe the evolution of herpesviruses.
The herpesvirus case is relatively simple. In fact, it is possible to perform an exhaustive analysis of rearrangements among the three types of organization of the seven conserved gene blocks and to verify directly that the versions we derived analytically were the most parsimonious ones. Clearly, the principal application of the described approach is in comparative analysis of more complex genomes, e.g., those of related bacteria, for which the exhaustive search will not be feasible. An important goal for further analytical work is a generalization of the genome rearrangement algorithms to include deletions and insertions.
